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The 65 human enterovirus serotypes are currently classified into five species: Poliovirus (3 serotypes), Human
enterovirus A (HEV-A) (12 serotypes), HEV-B (37 serotypes), HEV-C (11 serotypes), and HEV-D (2 serotypes).
Coxsackie A virus (CAV) serotypes 1, 11, 13, 15, 17, 18, 19, 20, 21, 22, and 24 constitute HEV-C. We have
determined the complete genome sequences for the remaining nine HEV-C serotypes and compared them with
the complete sequences of CAV21, CAV24, and the polioviruses. The viruses were most diverse in the capsid
region (4 to 36% amino acid difference). A high degree of capsid sequence conservation (96% amino acid
identity) suggests that CAV15 and CAV18 should be classified as strains of CAV11 and CAV13, respectively.
In the 3CD region, CAV1, CAV19, and CAV22 differed from one another by only 1.2 to 1.4% and CAV11, CAV13,
CAV17, CAV20, CAV21, CAV24, and the polioviruses differed from one another by only 1.2 to 3.6%. The two
groups, however, differed from one another by 14.6 to 16.2%. The polioviruses as a group were monophyletic
only in the capsid region. Only one group of serotypes (CAV1, CAV19, and CAV22) was consistently mono-
phyletic in multiple genome regions. Incongruities among phylogenetic trees based on different genome regions
strongly suggest that recombination has occurred between the polioviruses, CAV11, CAV13, CAV17, and
CAV20. The close relationship among the polioviruses and CAV11, CAV13, CAV17, CAV20, CAV21, and CAV24
and the uniqueness of CAV1, CAV19, and CAV22 suggest that revisions should be made to the classification
of these viruses.

The human enteroviruses were originally classified into four
categories on the basis of human disease and virulence and
pathogenesis in intracranially inoculated suckling mice, as fol-
lows: (i) polioviruses (PV; agents of human poliomyelitis; gen-
erally not pathogenic in mice), (ii) coxsackie A viruses (CAV;
associated with human central nervous system disease, exan-
thems, and herpangina; cause flaccid paralysis in mice), (iii)
coxsackie B viruses (CBV; associated with human central ner-
vous system and cardiac disease; cause spastic paralysis in
mice), and (iv) echoviruses (at the time, not known to cause
human disease; not pathogenic in mice) (7, 26). It quickly
became apparent, however, that this scheme was insufficient to
describe the universe of human enteroviruses, because viruses
that were pathogenic to mice and antigenically identical to
known echoviruses were isolated, and the echoviruses were
shown to be associated with a wide range of human diseases (6,
7). Thereafter, new human enterovirus serotypes were simply
named “enterovirus” (EV) and numbered sequentially, start-
ing with EV68 (27, 51). A total of 64 serotypes are currently
recognized (19), and at least 6 additional serotypes have been
proposed (30, 35) (S. Michele, M. S. Oberste, and M. A.
Pallansch, unpublished data). In the current classification
scheme, which takes into account both biological and molec-
ular properties of the viruses, the human enteroviruses are

divided among five species: (i) Poliovirus (PV1-3), (ii) Human
enterovirus A (HEV-A) (CAV2 to CAV8, CAV10, CAV12,
CAV14, CAV16, and EV71), (iii) HEV-B (CAV9, CBV1 to
CBV6, E1 to E7, E9, E11 to E21, E24 to E27, E29 to E33,
EV69, and EV73 [proposed]), (iv) HEV-C (CAV1, CAV11,
CAV13, CAV15, CAV17 to CAV22, and CAV24), and (v)
HEV-D (EV68 and EV70) (19).

The enterovirus genome is a 7.4- to 7.5-kb single-stranded,
polyadenylated RNA of positive sense, with a 22-amino-acid
virus-encoded protein (VPg) covalently linked to the 5�-end.
Flanked by 5�- and 3�-nontranslated regions (NTRs), the sin-
gle, long open reading frame encodes a polyprotein of approx-
imately 2,200 amino acids that is processed by viral proteinases
to yield the mature viral polypeptides. The P1 region encodes
the capsid proteins 1A to 1D (VP1 to VP4). The P2 region
encodes a protease, 2Apro, and two proteins involved in RNA
replication, 2B and 2C. VPg (3B) and its precursor (3AB), the
major viral protease (3Cpro), and the RNA-dependent RNA
polymerase (3Dpol) are encoded in the P3 region. Complete
genome sequences are available for each of the poliovirus
serotypes and for CAV21 and CAV24, but only partial se-
quences (partial 5�-NTR, partial VP2, complete VP1, and par-
tial 3D) are available for the remaining members of HEV-C.
Phylogenetic analyses of available sequences have shown that
the polioviruses and HEV-C viruses are very closely related to
one another in multiple regions of the genome (18, 33, 34, 38),
but details of the relationship remain unknown because of
missing data from all the genomic regions and from the other
serotypes within HEV-C.
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We present here the first comprehensive analysis of genetic
variation at the complete genome level from an entire entero-
virus species and compare the polioviruses with the members
of HEV-C. The data described here show that the polioviruses
are distinct from most members of HEV-C only in the capsid-
coding region and strongly suggest that recombination has
played a major role in their evolution. Furthermore, CAV1,
CAV19, and CAV22 are similar to one another but distinct
from other HEV-C viruses and from the polioviruses in all
genome regions. These results suggest that modifications to the
current classification of several of these serotypes, including
the polioviruses, should be considered.

MATERIALS AND METHODS

Viruses. The prototype strains of CAV1, CAV11, CAV13, CAV15, CAV17,
CAV18, CAV19, CAV20, CAV21, and CAV22 were obtained from the National
Institute of Allergy and Infectious Diseases, National Institutes of Health (Table
1) and propagated for at least nine serial passages by intracranial inoculation of
newborn mice (28).

Nucleotide sequencing. Complete genomic sequences were determined for
each of the nine strains (Table 1). Overlapping fragments representing each
complete viral genome were amplified by reverse-transcription-PCR by using
degenerate, inosine-containing primers designed to anneal to sites encoding
amino acid motifs that are highly conserved among enteroviruses. Specific prim-
ers were designed from preliminary sequences to close gaps between the original
PCR products. The PCR products were purified for sequencing by using the
High-Pure PCR product purification kit (Roche Molecular Biochemicals, Indi-
anapolis, Ind.). Both strands were sequenced by automated methods using flu-
orescent dideoxy-chain terminators (Applied Biosystems, Foster City, Calif.).
The complete genome sequences for PV1, PV2, PV3, and CAV24 were obtained
from GenBank (Table 1).

Sequence analysis. The pairwise sequence identities among the nucleotide and
deduced amino acid sequences of all of the Poliovirus and HEV-C serotypes were
calculated by using the programs Gap and Distances (Wisconsin Sequence Anal-
ysis Package, version 10.2; Genetics Computer Group, Inc., Madison, Wis.).
Nucleotide sequences were aligned by using the Pileup program (Wisconsin
Sequence Analysis Package) and adjusted manually to conform to the optimized
alignment of deduced amino acid sequences. Similarity plots depicting the rela-
tionships among the aligned amino acid sequences were generated by using
SimPlot, version 3.2 (24). To simplify visualization of the analysis results, se-
quences were grouped on the basis of pairwise identities in the P1 region as
described below. The identity of the query sequence (PV1-PV2-PV3 consensus)
with each target sequence was plotted in the center of a window of 300 amino
acids that was successively advanced by 30 residues. Phylogenetic relationships
were inferred from the aligned nucleic acid sequences by the maximum-likeli-
hood method implemented in the program DNAML (PHYLIP: Phylogeny In-
ference Package, version 3.57; University of Washington, Seattle), using a tran-
sition-transversion ratio of 10. Support for specific tree topologies was estimated

by bootstrap analysis with 100 pseudoreplicate data sets. Branch lengths in
consensus maximum-likelihood trees were calculated by the maximum-likelihood
quartet-puzzling method, using the nucleotide substitution model of Tamura and
Nei (50), as implemented in Tree-Puzzle 5.0 (48). To assess potential recombi-
national relationships, nucleotide sequences were analyzed by using the
bootscanning method implemented in SimPlot (24). Functional amino acid mo-
tifs were identified by comparison with motifs of known function in other picor-
navirus proteins and by searching the PROSITE dictionary of protein sites and
patterns, version 16.45, using the program Motifs (Wisconsin Sequence Analysis
Package).

Nucleotide sequence accession numbers. The sequences reported here were
deposited in the GenBank sequence database under accession no. AF499635 to
AF499643 and AF546702.

RESULTS

The nine genomes sequenced varied in length from 7,397
nucleotides (CAV1 and CAV22) to 7,458 nucleotides (CAV13
and CAV18), which is similar to the length range among the
previously sequenced genomes of PV1, PV2, PV3, CAV21,
and CAV24 (7,401 to 7,461 nucleotides) (Table 2). The ge-
nomes of CAV1, CAV19, and CAV22 were composed of 43.0
to 43.7% G and C residues, whereas those of the other HEV-C
viruses contained 44.7 to 46.0% G�C, compared to the 46.3 to
46.9% G�C content of the poliovirus genomes (Table 2). For
all viruses, the G�C content was higher in the 5�-NTR than in
the coding region and differed between the capsid and non-
capsid regions of the genome.

The 5�-NTRs of CAV1, CAV19, CAV21, and CAV22 were
711 to 715 nucleotides long. Those of the other viruses varied
in length from 734 to 750 nucleotides, with all except CAV15
(734 nucleotides) clustering in the range of 742 to 750 nucle-
otides (Table 2). The 5�-NTR sequences differed from one
another by 12 to 24% (Fig. 1), with CAV21 and CAV24 the
most distant from one another. Fifty-six percent of the 5�-NTR
residues were invariant among all of the viruses; almost one-
third of the variable sites were concentrated in the hypervari-
able region, the 80 to 110 residues immediately upstream of
the initiation codon. Most of the differences in length of the
5�-NTR between the serotypes were also located in this region.
Structural elements that are important for the function of the
poliovirus internal ribosome entry site were well conserved
among the HEV-C strains (data not shown). The 3�-NTRs of
all viruses were similar in length, 69 to 74 nucleotides (Table

TABLE 1. Complete genome sequences analyzed

Serotype Strain Yr Location GenBank accession no. (reference)

CAV1 Tomkins 1947 New York AF499635 (this work)
CAV11 Belgium-1 1951 Belgium AF499636 (this work)
CAV13 Flores 1952 Mexico AF499637 (this work)
CAV15 G-9 1950 South Africa AF499638 (this work)
CAV17 G-12 1951 South Africa AF499639 (this work)
CAV18 G-13 1950 South Africa AF499640 (this work)
CAV19 NIH-8663 1952? Japan AF499641 (this work)
CAV20 IH-35 1955 New York AF499642 (this work)
CAV21a Kuykendall 1952 California AF546702 (this work)
CAV22 Chulman 1955 New York AF499643 (this work)
CAV24 EH24/70 1970 Singapore D090457 (49)
PV1 Mahoney 1942 Ohio J02281 (40)
PV2 MEF-1 1942 Egypt M12197 (20)
PV3 Leon 1937 California K01392 (47)

a A complete genome sequence is also available for CAV21-Coe (accession no. D00538).
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2), but the 3�-NTRs of CAV1, CAV19, and CAV22 differed
from those of the other viruses by 11 to 14%, whereas the
remaining serotypes differed from one another by no more
than 4% (Fig. 1). The 3�-NTR sequences of the polioviruses
and CAV18 were identical to one another, as were those of
CAV13 and CAV21 and those of CAV17 and CAV20. For all
of the viruses, the predicted 3�-NTR structures were similar to
that of the PV1-Mahoney 3�-NTR, consisting of two stem-
loops (data not shown).

The predicted proteolytic cleavage sites within the deduced
polyproteins of the newly sequenced viruses were consistent
with those predicted or experimentally determined for the
polioviruses, CAV21, and CAV24 (data not shown). Pairwise
sequence comparisons, multiple alignments, and similarity
plots were used to examine the relationships among the com-
plete amino acid sequences of the polioviruses and species C
enteroviruses. The greatest sequence variation occurred in the
capsid region, whereas the 3D gene was the most highly con-
served. CAV11 and CAV15 differed from one another by only
4% in their capsid sequences, consistent with their belonging
to a single serotype as previously suggested from their anti-
genic cross-reactivities (6, 46) and by their sequence similari-
ties in the amino-terminal part of VP2 (34) and in VP1 (33).
Similarly, CAV13 and CAV18 differed from one another by
only 4% and probably also represent variants of a single sero-
type, as previously proposed (33). Because of their close rela-
tionship to other established strains, we propose that CAV15
and CAV18 should no longer be considered distinct serotypes.
For that reason, CAV15 and CAV18 have been omitted from
further analyses.

The complete capsid polypeptide sequences differed by 15 to
18% among the polioviruses, by 16 to 34% within HEV-C, and
by 21 to 36% between the two groups (Fig. 1). The close
relationship among the PVs in the capsid region may reflect
their shared use of the poliovirus receptor, CD155, or it may
simply reflect the limited number of isolates represented by
these three prototypes. The poliovirus and HEV-C capsid se-
quences were aligned and compared to determine the distri-
bution of amino acid differences and alignment gaps relative to
known structural motifs, antigenic sites, and receptor contacts

(Fig. 2). As expected, sequences that are predicted to partici-
pate in important structural motifs, such as the beta strands
that form the eight-stranded beta barrels of VP1, VP2, and
VP3, were highly conserved. In contrast, the “loop” regions
between the beta strands, as well as the VP2 “puff” and VP3
“knob,” were poorly conserved. Gaps in the sequence align-
ment also occurred in these regions of peptide backbone flex-
ibility, such as the VP2 puff, the VP3 B-C loop, the VP3-VP1
junction, the VP1 B-C and G-H loops, and the amino- and
carboxyl-terminal domains of VP1 (Fig. 2). In general, these
variable regions correlated with PV1 residues that have been
shown to form the neutralization antigenic sites, N-Ag1, N-
Ag2, and N-Ag3 (9). Similarly, poliovirus residues that have
been implicated in receptor interaction were also not con-
served among HEV-C viruses.

To analyze the patterns of amino acid sequence relation-
ships across the polyprotein, viruses whose capsid sequences
differed by less than 20% were considered a group in similarity
plot comparisons. CAV13 was considered separately, despite
its relationship to CAV17 and CAV20 in the capsid region,
because of its higher degree of divergence from CAV17 and
CAV20 in P2 (Fig. 1). CAV1, CAV19, and CAV22 were con-
sidered to be a single group, even though they differed from
one another by up to 23% in the capsid, because they were very
similar to one another in P2 and P3 but distinct from all other
viruses throughout the polyprotein (Fig. 1). The resulting
groups were (i) CAV1, CAV19, and CAV22; (ii) PV1, PV2,
and PV3; (iii) CAV11; (iv) CAV21 and CAV24; (v) CAV13;
and (vi) CAV17 and CAV20. Similar results were obtained by
using each of the sequences individually and comparing them
to all of the other sequences, in every combination (data not
shown). The individual similarity plots were also confirmed by
the region-by-region pairwise comparisons (Fig. 1). CAV11,
CAV17, and CAV20 were the most closely related viruses to
the PVs throughout the polyprotein (Fig. 1 and 3), whereas the
CAV1-CAV19-CAV22 group was distinct from all of the other
viruses throughout the polyprotein (Fig. 1 and 3; also data not
shown). CAV13 was as similar to PV1-PV2-PV3 in the capsid
region as were CAV11, CAV17, and CAV20 but sharply di-
verged near the carboxyl terminus of VP1 and remained at an

TABLE 2. General properties of the poliovirus and HEV-C genomes

Serotype Length Total G�C
(%)

5�NTR G�C
(%)

P1 G�C
(%)

P2-P3-3�NTR
G�C (%)

5�NTR
length (nt) ORF locationa Polyprotein

length (aa)
3�NTR

length (nt)b

CAV1 7397 43.1 49.4 43.5 41.7 711 712–7323 2204 74
CAV11 7454 45.3 50.4 46.6 43.7 747 747–7382 2212 72
CAV13 7458 44.7 49.0 45.4 43.6 745 746–7387 2214 71
CAV15 7441 46.0 50.9 47.0 44.4 734 735–7370 2212 71
CAV17 7457 45.5 49.3 46.6 44.1 747 748–7386 2213 71
CAV18 7458 44.9 47.8 45.8 43.8 745 745–7386 2214 72
CAV19 7410 43.0 49.9 42.7 41.9 715 716–7336 2207 74
CAV20 7436 45.2 48.7 46.2 43.9 744 745–7365 2207 71
CAV21 7401 45.1 50.0 45.8 43.8 711 712–7329 2206 72
CAV22 7406 43.7 49.0 45.0 41.8 715 716–7333 2206 73
CAV24 7461 45.9 50.4 46.6 44.6 750 751–7392 2214 69
PV1 7440 46.3 49.9 48.5 44.3 742 743–7369 2209 71
PV2 7440 46.7 50.3 48.6 44.8 747 748–7368 2207 72
PV3 7431 46.9 53.1 48.0 45.1 742 743–7360 2207 71

a Nucleotide coordinates, starting with the first “open” AUG and ending with the last base before the stop codon. ORF, open reading frame.
b Includes the termination codon.
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intermediate distance from the polioviruses, relative to
CAV11-CAV17-CAV20, and CAV1-CAV19-CAV22, from 2A
through 3B and into 3C (Fig. 1 and 3). CAV21 and CAV24
were nearly as distant from the poliovirus group in the capsid
region as were CAV1, CAV19, and CAV22, and both groups
were distinct from the polioviruses from 2A through 2C (about
the same distance as CAV13). CAV21-CAV24 was more sim-
ilar to the polioviruses in P3 than was the CAV1-CAV19-
CAV22 group. Although the CAV1-CAV19-CAV22 and
CAV21-CAV24 groups were roughly equidistant from the PV
consensus in P2, they were not similar to one another in this
region (Fig. 1). All of the viruses except CAV1, CAV19, and
CAV22 were at least 96% identical to the polioviruses in the
3CD region; CAV1, CAV19, and CAV22 were only 85% iden-
tical to the polioviruses in this region (Fig. 1). The noncapsid
proteins were fully colinear among all of the polioviruses and
HEV-C viruses, with the exception of a one-amino-acid dele-

tion near the carboxyl terminus of 2A in CAV13 and a one-
amino-acid insertion in the 3A protein of CAV1, CAV19, and
CAV22. The polioviruses and HEV-C viruses differed in nu-
cleotide sequence from members of other enterovirus species
by 41 to 56% in P1, 39 to 44% in P2, and 28 to 39% in P3 (data
not shown).

A distinct RNA structural element, the cis-acting replication
element (cre), has been shown to be required for replication of
PV1 and PV3 (12, 41). The poliovirus cre is a four-part stacked
stem and conserved loop located in the region encoding 2C.
Similar elements have been identified at different locations in
the cardioviruses (23) and human rhinoviruses (11, 25). To
determine whether members of HEV-C contain a similar se-
quence and/or structure, the analogous poliovirus and HEV-C
2C nucleotide sequences were aligned and compared (Fig. 4).
The AAACA motif in the loop, which is required for cre
function (12), was completely conserved among all of the vi-

FIG. 1. Nucleotide and deduced amino acid sequence relationships (percent identity). For noncoding regions (5�NTR and 3�-NTR), nucleotide
comparisons are shown. Deduced amino acid sequence comparisons are shown for all other regions.
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ruses. The expanded and generalized version of this motif,
RN3AARN6R, which models stem 1 (described by Goodfellow
et al. [12]) as part of the loop (52), was also conserved. The
structure of the predicted stem region was also well conserved,
with a total of only 38 pair-interrupting changes in the 14
viruses. For example, while CAV22 was the most divergent
from PV1, containing 13 differences in the 46 base-paired
residues, only 6 of the differences would interrupt the pre-
dicted base-pairing interaction (either because of alternative
G:U base pairs or compensating changes at a second site). In
addition, stems 1 to 3 appear to be the most important, as 29
of the 38 pair-interrupting differences occurred in stem 4. PV1
contains a non-base-paired C residue in stem 4 (nucleotide
4499) that is shared with CAV11 and CAV24. Only one pair-
breaking difference occurred in stem 2, and two occurred in
stem 3. CAV1, CAV19, and CAV22 shared two noncompen-
sated differences in complementary residues of stem 1.

Amino acid sequence motifs that are important for the func-
tion of picornaviral nonstructural proteins were highly con-
served among all of the polioviruses and the members of
HEV-C. For example, the catalytic triads in the active sites of
the viral proteases were fully conserved as H20-D38-C109 and
H40-E71-C147, in 2Apro and 3Cpro, respectively. In both cases,
the cysteine residue occurred in the context of a conserved
GXCG motif. The 3Cpro sequences also contained the con-
served putative RNA-binding domain, 82-KFRDI-86 (RFRDI
in CAV17). The cysteine-rich motif, 269-CX2CX8CX4C-286,
which has been shown to bind zinc and to play a role in the
replication of PV1 (37), was identified in all of the 2C se-
quences, as was a putative NTP-binding motif, GX4GK(S/T).
The latter motif was present as 109-GSPGTGKS-116 in all of

the viruses except CAV1, CAV19, and CAV22, which con-
tained the motif GTPGTGKS. A nucleotide-binding motif,
166-(S/T)KVEQGKS-173, and the RNA-dependent RNA
polymerase signature motifs 159-KDELR-163, 283-GGMPSG-
288, 325-YGDD-328, and 372-FLKR-375 were fully conserved
in all of the 3Dpol sequences.

Alignments of amino acid sequences revealed the longest
stretches of conserved amino acids to be in the 3D region, with
85% amino acid identity. Twelve percent of the sites in the 3D
polymerase were unique in the CA1, CA19, CA22 group; of
these distinct conserved sites (total of 55), almost half (47%)
were in the palm region, which composes one-third of the
polymerase.

Maximum-likelihood nucleotide sequence phylogenies were
constructed separately for the 5�- and 3�-NTR, the P1, P2, and
P3 regions, and the regions encoding each of the mature viral
proteins (Fig. 5 and 6). The branch lengths in the trees were
consistent with the pairwise distances in Fig. 1; that is, the
branch lengths were shorter in the P3 region trees than in the
capsid region trees. In agreement with previously published
phylogenies (18, 33, 34, 38), the poliovirus and HEV-C se-
quences were monophyletic relative to members of HEV-A,
HEV-B, and HEV-D throughout the coding region and in the
3�-NTR (Fig. 5B to E), but the 5�-NTR sequences clustered
with those of HEV-D viruses (Fig. 5A). Within the capsid
region as a whole, the viruses clustered into five major mono-
phyletic groups: (i) CAV1, CAV19, and CAV22; (ii) PV1, PV2,
PV3; (iii) CAV11; (iv) CAV21 and CAV24v; and (v) CAV13,
CAV17, and CAV20 (Fig. 5C). Two of these groups, CAV1-
CAV19-CAV22 and PV1-PV2-PV3, were monophyletic in
each of the regions encoding the individual capsid proteins,

FIG. 1—Continued.
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FIG. 2. Aligned poliovirus and HEV-C capsid precursor proteins. Cleavage sites are indicated above the alignment. Regions predicted to form
structurally defined alpha helices and beta strands (16, 29, 36), as well as the location of neutralization antigenic sites N-Ag1, N-Ag2, and N-Ag3
in PV1 (9), are also indicated. Amino acids implicated by structural or genetic studies to be involved in PV1-poliovirus receptor interaction are
shaded (2, 15).
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with strong bootstrap support (Fig. 6A to D). The VP3 and
VP1 trees were congruent except for the relative positions of
CAV1, CAV19, and CAV22 and of PV1, PV2, and PV3 within
their respective clusters (Fig. 6C and D). The VP2 tree differed
from the VP1 and VP3 trees only in the position of CAV20,
but the difference may not be significant given the relatively
low bootstrap support for the CAV20 branches (Fig. 6B). Out-
side the capsid region, CAV1, CAV19, and CAV22 formed the
only consistently monophyletic group, with 99 to 100% boot-
strap support (Fig. 5D and E and 6E to J). For example,
CAV21 clustered with CAV24 in 2A, 2B, and 2C (Fig. 6E to

G) but branched directly from an internal node in 3AB and 3C
and clustered with CAV11 in 3D (Fig. 6J).

DISCUSSION

This first comprehensive analysis of genetic variation of an
entire enterovirus species at the complete genome level has
demonstrated that the polioviruses and members of HEV-C
are very similar to each other in genomic structure, genome
composition, and sequence relationships. Outside the capsid
region, the polioviruses are as similar to most of the HEV-C

FIG. 3. Similarity plots of poliovirus and HEV-C viruses deduced polyprotein sequences, calculated and plotted by SimPlot 3.2 (24), relative
to the polyprotein consensus sequence of PV1, PV2, and PV3. To facilitate the analysis, CAV1, CAV19, and CAV22 were grouped together, as
were CAV17 and CAV20 and also CAV21 and CAV24, as described in the text. Each point represents the percent identity to the poliovirus
consensus, within a sliding window of 300 amino acids centered on the position plotted, with a step of 30 amino acids between points. Positions
containing gaps were excluded from the analysis. The PV1 genetic map is shown at the top, approximately to scale.

FIG. 4. Nucleotide sequence alignment of the region surrounding the poliovirus cis-acting replication element (cre). The majority rule
consensus sequence is shown at the bottom (Con). Residues that are identical to those of the consensus are indicated by a dot. The bar below the
sequence alignment indicates the location of the conserved stem-loop structure. The conserved AAACA motif in the loop is boxed (12, 41), and
the location of the RN3AARN6R motif is indicated below the consensus (52). Base-paired residues in the stem are indicated by brackets and
numbered 1-1� to 4-4�, as previously described (12). Residues predicted to disrupt base pairing are underlined. Nucleotides are numbered
according to the genome of PV1-Mahoney.
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serotypes as they are to one another. In the noncapsid coding
region, it is not readily apparent that there is any poliovirus-
specific sequence, amino acid, or motif. Thus, the polioviruses
and members of HEV-C are distinguished from one another
only in the capsid region.

Intra- and intertypic recombination has been shown to occur
among poliovirus vaccine strains (3, 10, 21) and between wild
polioviruses and other, unidentified donor strains (14, 22).
There is also evidence for intertypic recombination among
certain nonpolio enteroviruses (1, 43). In our analysis of po-
liovirus and HEV-C complete genome sequences, the incon-

gruities among phylogenetic trees constructed from different
genome regions suggest that recombination has occurred be-
tween the polioviruses and nonpolio enteroviruses of HEV-C.
The reference point for these comparisons appears to be ar-
bitrary, in that it is impossible to distinguish whether a given
noncapsid gene sequence originated with a poliovirus or with a
nonpolio enterovirus of species C. One could explain the re-
latedness of poliovirus and HEV-C noncapsid sequences by
saying that certain CAVs have acquired poliovirus noncapsid
sequences, but the data are equally consistent with the view
that the polioviruses have acquired CAV noncapsid sequences.

FIG. 5. Phylogenetic trees based on poliovirus and HEV-C virus nucleotide sequences. Each of the major functional regions of the genome was
analyzed independently. Bootstrap values (percent of 100 pseudoreplicate data sets) of over 80% supporting each cluster are shown at the nodes.
All trees are plotted to the same scale (see scale bar). (A) 5�-NTR; (B) 3�-NTR; (C) complete P1 region; (D) complete P2 region; (E) complete
P3 region.
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In the absence of data to specifically support or refute either of
these views, the most conservative explanation is that recom-
bination effectively results in a lack of linkage between non-
capsid sequences and the serotype of a virus within a species.
That is, viruses with a poliovirus capsid (hence, recognized as
polioviruses by all standard identification methods) may re-

combine with CAVs to acquire different noncapsid sequences.
Likewise, a virus with a CAV capsid may acquire different
noncapsid sequences by recombination with a poliovirus. In
this respect, an enterovirus might be conceptually defined as a
capsid sequence in search of noncapsid sequences of the high-
est fitness (i.e., the greatest replication capacity and, hence, a

FIG. 6. Phylogenetic trees based on poliovirus and HEV-C virus nucleotide sequences. The regions encoding each of the mature viral proteins
were analyzed independently. Bootstrap values (percent of 100 pseudoreplicate data sets) of over 80% supporting each cluster are shown at the
nodes. All trees are plotted to the same scale (see scale bar). (A) 1A (VP4); (B) 1B (VP2); (C) 1C (VP3); (D) 1D (VP1); (E) 2A; (F) 2B; (G) 2C;
(H) 3AB; (I) 3C; (J) 3D.
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selective advantage). Recombination results in homogeniza-
tion of P2 and P3 within a group of related serotypes, because
the sequences are readily shuffled among viruses, and the re-
gions conferring the greatest selective advantage tend to be-
come the dominant lineage of every serotype. Clearly, how-
ever, it is possible to envision that restrictions on the
compatibility of recombination partners exist. Cell tropism
(probably due to receptor utilization) must play a role, as the
two recombination partners must be simultaneously present in
the same cell in order to recombine. CAV1, CAV19, and
CAV22 are distinct from most other enteroviruses in that they
are the only three EV serotypes that are seldom, if ever, iso-
lated or propagated in cell culture (44), implying an inability to
use the receptors commonly used by other enteroviruses. This
might partly explain the apparent absence of recombination
between the CAV1-CAV19-CAV22 group and the other vi-
ruses. In addition, the nonstructural proteins, particularly
3Cpro and 3Dpol, must interact with sites distant from their own
coding region (the capsid precursor and the 3�-end of the
minus strand, respectively), so these enzymes must be compat-
ible with the potentially heterologous substrates. The observa-
tion that the 3C proteinases of human rhinovirus type 14 (Rhi-
novirus genus) and coxsackievirus B3 (HEV-B) can correctly
process the PV1 nonstructural protein precursor but not its
capsid protein precursor provides evidence for this compati-
bility requirement (8). Phylogenetic studies using partial ge-
nome sequences also argue that recombination between more
distantly related serotypes is rare, if it occurs at all (17, 38, 39).

VP1 sequence analysis has been successfully implemented
for enterovirus serotype identification (4, 5, 31–33, 35). The
close genetic relationships between CAV11 and CAV15 and
between CAV13 and CAV18 are consistent with VP1 sequence
comparisons (33) and provide further evidence that the pairs
CAV11-CAV15 and CAV13-CAV18 each comprise geograph-
ically distinct isolates of a single serotype. The genetic differ-
ences in the noncapsid regions within the two pairs are con-
sistent with their isolation on different continents—CAV15
and CAV18 in Africa, CAV13 in North America, and CAV11
in Europe. Based on their similarities in complete capsid se-
quences, we propose that CAV15 and CAV18 be vacated as
enterovirus serotype designations and that existing CAV15 and
CAV18 isolates be considered isolates of CAV11 and CAV13,
respectively. Additional clinical isolates of both serotypes
should be analyzed to confirm these findings. Conversely, pair-
wise sequence comparisons and phylogenetic analysis suggest
that CAV1, CAV19, and CAV22 are genetically distinct from
the other serotypes and that the prototype strains show no
evidence of recombination with any of the other members of
HEV-C. It will be important to analyze additional clinical
isolates of these serotypes to fully assess their ability to recom-
bine with viruses of other serotypes within HEV-C.

While the genetic basis of complex phenotypes, such as
transmissibility, host range, and receptor usage may not be
clearly understood, all intrinsic properties of a picornavirus
must ultimately derive from the viral genome. In response to
the increase in viral sequence data and a greater understanding
of the molecular details of enterovirus biology, explicit molec-
ular criteria have been added recently to the taxonomic clas-
sification scheme as an adjunct to the existing physical and
biological criteria (19). In the current system, members of an

enterovirus species “(i) share greater than 70% amino acid
identity in P1, (ii) share greater than 70% amino acid identity
in the nonstructural proteins 2C and 3CD, (iii) share a limited
range of host cell receptors, (iv) share a limited natural host
range, (v) have a genome base composition (G�C) which
varies by no more than 1%, and (vi) share a significant degree
of compatibility in proteolytic processing, replication, encapsi-
dation, and genetic recombination” (19). Previous molecular
studies had compared poliovirus sequences only with those of
CAV21 and CAV24 because they were the only HEV-C com-
plete capsid or complete genome sequences available (18, 38,
42), and these comparisons contributed to the classification of
Poliovirus and HEV-C as separate species (19). Our results
show that CAV11, CAV17, and CAV20, and not CAV21 and
CAV24, are the serotypes most closely related to the poliovi-
ruses. Furthermore, the polioviruses are distinct from CAV11,
CAV17, and CAV20 only in the capsid region.

The current classification of HEV-C and polioviruses as
separate species is not compatible with the application of the
existing criteria, given the new sequence data presented here.
HEV-C P1 amino acid identities range as low as 66%, yet the
CAV11, CAV13, CAV17, and CAV20 capsid sequences are all
at least 73% identical to those of the polioviruses (criterion i
above). Similarly, the 2C polypeptides of all of the HEV-C
viruses and the polioviruses are at least 75% identical to one
another and those of CAV11, CAV17, and CAV20 are at least
97% identical to those of the polioviruses (criterion ii). All of
the viruses except CAV1, CAV19, and CAV22 are at least 96%
identical to one another in 3CD. While the base composition
(G�C content) among PV1-Mahoney, PV2-MEF-1, and PV3-
Leon differs by only 0.6%, the composition within the existing
recognized HEV-C species varies by 3.0% (failing to meet
criterion v). The differences in G�C content between poliovi-
ruses and HEV-C viruses (other than CAV1, CAV19, and
CAV22) are largely restricted to P1, as the range of G�C
content in P2-P3-3�-NTR varied by only 1.5%. The limited
range of G�C content among the poliovirus prototype strains
may simply be due to sampling—comparison of a large number
of poliovirus complete genome sequences may help to clarify
this point. In any case, this criterion may need to be reassessed
because of these inconsistencies.

Among the viruses analyzed here, the host cell receptor is
known only for the polioviruses and for CAV21, making it
difficult to consistently apply criterion iii. The CAV21 receptor
(intracellular adhesion molecule 1) (45) is also the host cell
receptor for the major group of human rhinoviruses (13), fur-
ther clouding the issue of receptor utilization as a practical
taxonomic tool. Criterion v fails to discriminate among the five
human enterovirus species, as they all share a primary host,
namely humans. Lastly, there is no evidence to suggest that the
human enteroviruses differ fundamentally from one another in
proteolytic processing, replication, or encapsidation (criterion
vi), but we have shown that recombination may occur between
the polioviruses and members of HEV-C during natural trans-
mission in the human population (22).

In summary, analysis of the complete molecular data for all
members of these species and application of the existing clas-
sification criteria does not support the existence of a separate
Poliovirus species. We propose that the polioviruses should be
considered members of HEV-C and that Poliovirus should be
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dropped as an enterovirus species designation. We also pro-
pose that the two serotypes CAV15 and CAV18 be reclassified
into existing serotypes. Furthermore, our data suggest that
CAV1, CAV19, and CAV22 appear to form a separate group,
distinct from the other HEV-C serotypes in terms of recom-
bination and genetic differences, and should be further inves-
tigated. The proposed changes to HEV-C would increase the
number of recognized serotypes within the species to 12. Over-
all, the data presented here suggest that modifications to the
current classification of viruses in the HEV-C and Poliovirus
species should be considered.
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